Abstract. Atherosclerosis (AS) remains the leading cause for global cardiovascular disease morbidity and mortality, and a major cause of cardiopathy, myocardial infarction and peripheral vascular diseases. Macrophages serve a critical role in atherosclerotic plaque stabilization and rupture, and the selective removal of macrophages may be beneficial in improving plaque stability. Autophagy is a process of self-feeding, during which cytoplasmic proteins or organelles are packaged into vesicles and fused with the lysosome to form an autophagosome. The newly formed autophagosome can degrade internalized proteins, and this process may be used to serve the metabolic and self-renewal requirements of the cell. Autophagy serves an important role in maintaining cell homeostasis and promoting cell survival, and therefore an imbalance in autophagy is closely associated with multiple diseases.
Introduction
Autophagy is a process of cellular repair and survival, during which cytoplasmic components are sequestered into double-membrane vesicles. Previous research has revealed that autophagy is stimulated in advanced atherosclerotic plaques by oxidized lipids, inflammation and metabolic stress (1) . Autophagy is beneficial in promoting cellular recovery in adverse environments; it is also valuable in inhibiting apoptosis. In advanced atherosclerosis (AS), macrophage apoptosis, together with defective phagocytic clearance of the apoptotic cells, promotes plaque necrosis, which results in acute atherothrombotic cardiovascular events (2) . Basal autophagy is beneficial in early AS, however a detrimental effect is observed in advanced AS plaques (3); autophagy is capable of protecting cells from oxidative stress via the degradation of damaged intracellular material; however, excessively stimulated autophagic activity may result in significant destruction of the cytosol (1) . The latter scenario leads to programmed cell death and may cause vascular endothelial cell (VEC) death, which results in plaque destabilization. Endothelial injury or death represents a predominant mechanism of acute clinical events, due to the promotion of lesional thromboses (4) . Furthermore, insufficient autophagic activity also reduces free cholesterol and apolipoprotein A-I (5), and this decreases the amount of high-density lipoprotein. Insufficient and excessive autophagy of VECs are therefore both injurious, and the regulation of autophagic homeostasis may be important in the treatment of AS.
The molecular mechanism of autophagy
When Ashford and Porter (6) perfused rat livers with glucagon, they discovered a large increase in the number of cellular lysosomes. This phenomenon of self-feeding was referred to as autophagy. This process involves the packaging of cytoplasmic proteins or organelles into vesicles, followed by lysosomal fusion, to form an autophagic lysosome; a cellular event which aids in metabolism and in the renewal of organelles (7) . Autophagy is a primary catabolic survival process against various types of stress. During macroautophagy, several substrates, including lipids, pathogens, invading proteins, or even damaged organelles may be sequestered into double-membrane vesicles known as autophagosomes. In order to degrade their cargo, autophagosomes must subsequently fuse with a lysosome, which contains various hydrolases that are capable of degrading the sequestered substrates (8) . Autophagy responses are triggered by stress; the elimination of damaged organelles and subsequent release of energy substrates promotes cell survival (9 however, chaperone-mediated autophagy is a selective process that has only been described in mammalian cells (13) . During chaperone-mediated autophagy, specific protein substrates containing the amino acid sequence KFERQ are recognized by chaperones (14) , unfolded and translocated into the lysosome, via LAMP2A. In microautophagy, uptake occurs at the limiting membrane of the lysosome/vacuole, however this process operates by directly sequestering the substrates via invagination of the lysosome/vacuole membrane. Macroautophagy is the most well-studied process out of the 3 types of autophagy (Fig. 1 ). Multiple autophagy-related genes (ATG) and proteins have been described across the various stages of autophagy (15) . Macroautophagy may be dissected into various steps based on the proteins involved: Induction; nucleation of the autophagosome precursor; membrane expansion and maturation of the autophagosome; fusion with the lysosome/vacuole and recycling of the degraded cargo (16) . Once autophagy is induced, assembly of the phagophore is initiated by membrane nucleation. In both yeast and mammals, the class III phosphatidylinositol 3-kinases catalyze nucleation of the phagophore by producing phosphatidylinositol 3-phosphate (PtdIns-3-P) and inducing the recruitment of PtdIns-3-P binding proteins. Although membrane nucleation has been established as a key step in the autophagic process, the origin of the membrane that gives rise to the phagophore, and subsequently the autophagosome, remains unclear. Elongation and expansion of the phagophore membrane are key steps in the autophagic process (17) . The autophagy related protein Atg12-Atg5-Atg16 and Atg8 conjugation systems, which are inter-related ubiquitin-like conjugation pathways, regulate this stage in both yeast and mammals (18) . Previous research discovered that functional cooperation occurs between the Beclin 1-binding proteins Atg14L and Rubicon, and this regulates autophagy at different stages. Atg14L is essential for autophagosome formation, and deficiency of this protein results in defects of autophagic degradation in mouse embryonic stem cells. Furthermore, autophagosome maturation and endocytosis was enhanced and the number of autophagosomes/autolysosomes was increased following knockdown of Rubicon, indicating that Rubicon is negatively involved in the formation of autophagosomes (19).
Autophagy has been described widely in the cardiovascular system; autophagic activity is linked to cardiovascular development, heart and vascular homeostasis and the onset and progression of several cardiovascular diseases. Improved understanding of the molecular mechanism involved may therefore pave the way for novel therapeutic interventions in the treatment of cardiovascular disease.
Autophagy in the vascular system
Previous research has indicated that basal autophagy may have a significant impact on the functioning of the vasculature (20) . This is induced by oxidative stress, which arises as a result of vascular disease and cell death initiation, particularly during the early stages of AS. Autophagy is a cytoprotective mechanism in the normal vessel wall, and there are several autophagy-signaling pathways involved in the cardiovascular system, which have already been extensively reviewed elsewhere (21), these pathways include the following: i) Mammalian target of rapamycin (mTOR), a highly conserved protein that can integrate several types of extracellular signals, including nutritional signals and growth factors, which are involved in gene transcription, protein translation, ribosome synthesis, and the regulation of cell apoptosis and autophagy. The mTOR protein accordingly serves an important role in cell growth; ii) adenosine monophosphate-activated protein kinase (AMPK) is a conserved heterotrimeric protein kinase, which can stimulate autophagy when adenosine monophosphate (AMP), the cell 'starvation' signal, is increased. AMPK maintains the balance of adenosine triphosphate generation and consumption in eukaryotic cells, via detection of the cellular energy state. Furthermore, AMPK serves a key role in regulating cell growth and proliferation, establishing and stabilizing cell polarity; iii) inositol 1,4,5-trisphosphate and inositol 1,4,5-trisphosphate receptor serve important roles in regulating autophagy; iv) transcription factor tumor promoter p53 has contrasting roles in regulating autophagy, and these are subcellular location-dependent; v) cyclic AMP (cAMP)-dependent protein kinase A (PKA) is composed of two catalytic subunits and two regulatory subunits, binding of cAMP to the regulatory subunit results in a conformational change and subsequent release of the catalytic subunit. Activation of the PKA catalytic subunits impacts on the expression of related genes, and allows detection of the nutritional and growth status of the cell; vi) histone acetyltransferases and histone deacetylases (HDACs) are proteins that regulate chromosome structure and gene expression. HDACs may be targeted by small molecular inhibitors, and this may inhibit pathological cardiac remodeling; vii) glycogen synthase kinase 3β (GSK3β) is a multifunctional serine/threonine kinase, which is commonly found in eukaryotic cells. GSK3β is involved in numerous cellular signaling pathways, the predominant of which involves regulation of glycogen metabolism, cell differentiation, proliferation and gene expression; viii) nicotinamide adenine dinucleotide is a rate-limiting enzyme, which is involved in several physiological activities including cell metabolism, energy synthesis, DNA repair, suppression of apoptosis and stimulation of autophagic flux; ix) microRNAs are non-encoding RNAs that are expressed in eukaryotic cells, and serve a regulatory role in cell proliferation, differentiation and death (21) .
Vascular endothelial cells (VECs).
VECs are located at the interior surface of the vascular wall, and are an effective permeable barrier between circulating blood and tissues. VECs also participate in the regulation of cellular cholesterol, lipid homeostasis, signal transduction, immunity, inflammation and hemostasis. Dysfunction of the endothelium is a critical inducer for AS and other cardiovascular diseases (20) . A recent study demonstrated that oxidized low-density lipoprotein (oxLDL) may induce autophagy in VECs (22) , resulting in increased expression of microtubule associated protein 1 light chain 3 (LC3) and B cell lymphoma/leukemia-1 (23) . Furthermore, serum starvation induces autophagy, however a reduction in serum VECs induces apoptosis. The role of autophagy in VECs has therefore received significant research attention. A previous study demonstrated that human plasminogen Kringle 5 and endostatin are inhibitors of angiogenesis; these molecules induce apoptosis and inhibit cell proliferation, and can induce apoptosis and promote autophagy in VECs (24) .
Smooth muscle cells (SMCs)
. SMCs demonstrate programmed cell death features in the fibrous cap of advanced AS plaques (25) . Features include the formation of myelin figures, the aggregation of ubiquitin inclusion bodies in the cytoplasm and significant vacuolization. Furthermore, myelin figures are formed of phospholipids and plasma membrane fragments arranged in concentric circles, and these reflect autophagic degradation of the membranous cell structure. These autophagic structures are not common in human atherosclerotic plaques; however, they may be observed in cholesterol fed rabbit atherosclerotic plaques (25) .
Previous research has speculated that SMCs in the fibrous cap are surrounded by basement membrane, indicating these cells may undergo starvation-induced autophagy (26) . However, in vitro studies have suggested that there may be alternative pathways of induced autophagy in the atherosclerotic plaque. For example, tumor necrosis factor-α induces the expression of LC3 via the c-jun amino terminal and protein kinase B pathway, and induces expression of Beclin1 via the c-jun amino terminal pathway, thereby leading to SMC death via autophagy (27) . Furthermore, mild oxidative stress also may activate autophagy, thus promoting the removal of damaged organelles (28) .
Macrophages. Macrophages demonstrate significant phagocytic capabilities, and the cytoplasmic vesicles contained within these cells may therefore result from autophagy, or from phagocytosis of foreign bodies. Autophagic vesicles may be detected using an antibody against a specific marker such as LC3. Cholesterol acyltransferase (ACAT) is a sterol ester enzyme that regulates the free cholesterol in cell membranes to prevent cell death. Phytosterol is a substrate of ACAT, and a recent study revealed that phytosterols may accumulate in macrophages in atherosclerotic plaques, which may induce autophagic death, and necrosis of the plaque (29) . High levels of phytosterols were also observed in patients with sitosterol (30) , and this may lead to the premature development of a severe coronary AS thrombosis.
There is an increasing body of research (30,31) investigating the biological role of autophagy in the vascular wall (15); it is suspected that autophagic imbalance is associated with many vascular diseases, such as pulmonary hypertension. Furthermore, there is recent evidence that autophagy acts on a series of vascular processes, ranging from angiogenesis to vascular wall calcification. Although the autophagic mechanisms are different in endothelial cells and SMCs, autophagosome formation is related to β-amyloid, which is stimulated by oxidized lipids (32) . Notably, the vasoactive substances secreted by endothelial cells have important regulatory effects on autophagy (15).
Autophagy in AS
Progressive stages of AS may be characterized by distinctive molecular events. In early AS, cholesterol accumulates to form foam cells, however early foam cell lesions are non-occlusive and this is therefore asymptomatic. In advanced AS, plaque rupture or erosion may cause acute clinical events. However, in early AS with endothelial dysfunction (33) , the repair of VEC injuries may prevent the subsequent development of AS. Furthermore, in advanced AS, apoptotic macrophages may be quickly cleaned-up by macrophages, to prevent the progression of inflammation and plaque necrosis, thereby delaying plaque development (29) . Autophagy serves an important role at each stage of AS; in early AS, autophagy may reduce lipid accumulation and inhibit the formation of foam cells. As AS progresses, autophagy can remove necrotic cells and delay development of the plaque (34) . The specific autophagic mechanisms occurring at each stage are currently unclear, and further research investigating these processes is warranted. In a recent study (35) , protein phosphatase magnesium dependent 1D (PPM1D) demonstrated a key role in the regulation of autophagy during the development of AS. The conversion of macrophages into foam cells is a major event in early AS, and PPM1D deficiency inhibits the accumulation of lipid droplets in macrophages, thus preventing the formation of foam cells and delaying the development of atherosclerotic plaques. In early AS stages, cholesterol predominantly accumulates in the cytoplasm as lipid droplets; when macrophage PPM1D is deficient, autophagy is activated and these cytosolic lipid droplets may be fused with autophagosomes and lysosomes, to produce a free cholesterol efflux (35) . Macrophage apoptosis and defects in the removal of apoptotic cells may promote plaque necrosis in advanced AS, resulting in acute atherothrombotic cardiovascular events (36) . Autophagy is activated by the associated stimulation of AS. On the contrary, gathering numbers of apoptotic macrophages inhibits autophagic activity, and this promotes plaque necrosis. Furthermore, macrophage deficiency resulted in an associated reduction in cholesterol efflux, a process that served a significant protective role against the development of AS. Previous research has demonstrated that PPM1D (37), also known as wild-type p53-induced phosphatase (WIP1), functions in a regulatory role in AS development in mice. PPM1D knockdown decreases the lipid accumulation of macrophages and inhibits the formation of foam cells, thus inhibiting the progression of AS plaques. These events are regulated by the ataxia telangiectasia mutated gene (ATM)-mTOR signaling pathway, which controls the efflux of cholesterol, and has a protective effect on early and advanced AS (24) (Fig. 2) . A study involving WIP1 deficient mice allowed further insight into the role of this protein in autophagy. In these mice, lipid efflux was increased and autophagic flux was impaired, thereby reducing the conversion of macrophages into foam cells, and preventing the formation of AS. WIP1 regulates autophagy via ATM and mTOR, which indicates that this protein may serve a protective role in advanced AS; inactivation of mTOR may therefore provide a novel therapeutic option in the treatment of AS (22) . Other recent studies have investigated the effect of small molecular weight compounds and proteins on AS, including 3BDO, microtubule-associated protein 1 light chain 3 beta (MAP1LC3B) and lectin-like oxidized low-density-lipoprotein receptor-1 (LOX-1) (38) . 3BDO activation of mTOR serves to protect endothelial cells and to inhibit the development of AS. The mTOR protein is an evolutionarily conserved serine/threonine kinase which has two forms, mTOR1 and mTOR2; mTOR1 predominantly regulates cell growth, cell apoptosis, energy metabolism and autophagy and is rapamycin-sensitive, whereas mTOR2 is associated with cell survival and is not rapamycin-sensitive. Both mTOR forms are able to induce autophagy. The 3BDO-induced inhibition of autophagy is mediated by oxLDL in endothelial cells, and decreased ATG expression and autophagy activity in apoE -/-mice. Conversely, 3BDO barely impacts upon mTOR signaling in macrophages and smooth muscle cells, and therefore 3BDO may selectively protect endothelial cells, promoting atherosclerotic plaque stability via the mTOR pathway (38) . MAP1LC3B serves a critical role in limiting the development of AS. Overexpression of MAP1LC3B can stabilize plaque development in AS; the unfolded protein response, which occurs under conditions of stress, activates protective mechanisms by upregulating MAP1LC3B, and this accomplishes a protective effect via the activation of basal autophagy (39) . OxLDL contributes to endothelial cell dysfunction, which occurs via the induction of oxidative stress and the subsequent initiation of apoptosis, and this results in AS development and progression (26) . Overexpression of the oxLDL receptor 1 (LOX-1) appears to serve a role in attenuating endothelial cell protective autophagy. Previous research has demonstrated that early changes in endothelial cell viability, following incubation with oxLDL, are proceeded by impaired endothelial nitric oxide synthase activity, and subsequent oxidative stress (40) . This effect is associated with the overexpression of the LOX-1 receptor, which mediates the attenuation of protective autophagy, and leads to oxLDL-induced bovine aortic endothelial cell death. These studies provided fresh insight into the assessment of the pathophysiological mechanisms underlying EC dysfunction, and allowed the identification of novel therapeutic strategies that target the early stages of AS.
Conclusions
Recently, Han et al reported that curcumin and resveratrol induced autophagy to protect VECs (41) . Autophagy is an evolutionarily conserved mechanism that serves a critical role in the regulation of lipid metabolism in normal cells. Therefore, autophagy may provide new therapeutic targets for lipid metabolism disorders, including AS. Previous research has demonstrated that PPM1D may inhibit the formation of foam cells by the ATM/mTOR signaling pathway, via the regulation of autophagy-dependent cholesterol efflux (42) . Autophagy-mediated inhibition of foam cell formation is induced by oxLDL, this results in stimulation of transient receptor potential vanilloid type 1 (TRPV1) by capsaicin, and the AMPK signaling pathway is activated by oxLDL to repair autophagic injury, with ultimate inhibition of the formation of foam cells. Consequently, the role of autophagy and TRPV1 in the formation of vascular smooth muscle cell foam cells, may provide a novel therapeutic target for the treatment of AS (43) . Therefore, current research indicates that atherosclerotic development is associated with the dysfunction of autophagy, an event which results in vascular oxidative stress, inflammation and plaque necrosis; this knowledge may provide a novel mechanism through which the progress of AS may be inhibited (44) . This disease may be treatable via an autophagic signal, and a few drugs that can regulate autophagy have been identified. Autophagy is not only protective, but it may also have an impaired impact on the cell; however, there is limited clinical data to demonstrate its curative role, and currently the treatment of cardiovascular disease generally involves the downregulation of autophagy (45) .
In conclusion, macrophage apoptosis combined with defective phagocytosis to clear the apoptotic cells promotes plaque necrosis, thus leading to acute atherothrombotic cardiovascular events in advanced AS. Inhibition of autophagy increases apoptosis in macrophages, and treatment of macrophages with AS stimulators of apoptosis resulted in the induction of autophagy (46) . Defective macrophage autophagy results in oxidative stress, plaque necrosis, macrophage apoptosis and defective phagocytic clearance in AS (47) . Previous research discovered that the inhibition of autophagy, in vitro or in vivo, resulted in increased apoptosis and reduced recognition of the apoptotic cells by phagocytes (12) . However, although autophagy is beneficial in AS, excessive autophagy may promote plaque rupture and the precipitation of acute clinical events, suggesting that both insufficient and excessive autophagy of VECs is detrimental, and the regulation of autophagic homeostasis is critical in the treatment of AS. Currently these autophagic functions have not been investigated in the context of vascular inflammation, and as these studies progress more can be identified about whether autophagy is a suitable target for therapeutic intervention in AS.
